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Effect of Speech-to-Noise Ratio and
Luminance on a Range of Current and
Potential Pupil Response Measures to
Assess Listening Effort

Patrycja Ksią _zek1,2 , Adriana A. Zekveld1, Dorothea Wendt2,3,
Lorenz Fiedler2 , Thomas Lunner2, and Sophia E. Kramer1

Abstract

In hearing research, pupillometry is an established method of studying listening effort. The focus of this study was to evaluate

several pupil measures extracted from the Task-Evoked Pupil Responses (TEPRs) in speech-in-noise test. A range of analysis

approaches was applied to extract these pupil measures, namely (a) pupil peak dilation (PPD); (b) mean pupil dilation (MPD);

(c) index of pupillary activity; (d) growth curve analysis (GCA); and (e) principal component analysis (PCA). The effect of

signal-to-noise ratio (SNR; Data Set A: –20 dB, –10 dB, þ5 dB SNR) and luminance (Data Set B: 0.1 cd/m2, 360 cd/m2) on the

TEPRs were investigated. Data Sets A and B were recorded during a speech-in-noise test and included TEPRs from 33 and 27

normal-hearing native Dutch speakers, respectively. The main results were as follows: (a) A significant effect of SNR was

revealed for all pupil measures extracted in the time domain (PPD, MPD, GCA, PCA); (b) Two time series analysis

approaches (GCA, PCA) provided modeled temporal profiles of TEPRs (GCA); and time windows spanning subtasks

performed in a speech-in-noise test (PCA); and (c) All pupil measures revealed a significant effect of luminance. In conclusion,

multiple pupil measures showed similar effects of SNR, suggesting that effort may be reflected in multiple aspects of TEPR.

Moreover, a direct analysis of the pupil time course seems to provide a more holistic view of TEPRs, yet further research is

needed to understand and interpret its measures. Further research is also required to find pupil measures less sensitive to

changes in luminance.
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Hearing impairment has been shown to have a large

effect on quality of life and cognitive decline in later

life (Livingston et al., 2017). Hearing-impaired listeners

tend to have difficulties with speech perception not only

in terms of listening to a degraded speech signal but also

in terms of processing and paying sustained attention to

the speech (Holman et al., 2019; Koelewijn et al., 2015;

Ohlenforst et al., 2017, 2018; Pichora-Fuller, 2003;

Wingfield et al., 2015). Those difficulties affect daily

functioning of people with hearing impairment and

have been shown to be associated with increased need

for recovery (Wang, Naylor, et al., 2018), high levels of

effort-related fatigue (Holman et al., 2019), and mental

distress leading to sick leave (Kramer et al., 2006).

These adverse consequences of hearing impairment
related to mental health are not fully addressed by
using hearing aids (Holman et al., 2019; Keidser et al.,
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2015; Nachtegaal et al., 2009). A better understanding of
how people perceive and process listening situations and
which factors influence effort in adverse listening situa-
tions may be used to improve hearing care provided to
hearing-impaired listeners. For example, the develop-
ment of objective measures of listening effort could sup-
port hearing rehabilitation by providing tools to
optimize speech perception performance while keeping
listening effort low.

Pupillometry as an Objective Measure of
Listening Effort

Listening effort is defined as “the deliberate allocation of
mental resources to overcome obstacles in goal pursuit
when carrying out a [listening] task” (Pichora-Fuller
et al., 2016, p. 11S). It can be studied qualitatively
using subjective ratings or interviews, or quantitatively
with physiological measures, such as pupillometry.
Pupillometry is a measure of temporal changes in pupil
size. An increasing body of research has been focusing
on the assessment of the transient increase in pupil size
evoked by a task, called Task-Evoked Pupil Response
(TEPR; review Zekveld et al., 2018). For example,
assessment of the TEPR during speech perception has
been applied often to examine listening effort
(Koelewijn, Zekveld, Festen, & Kramer, 2012; Kramer
et al., 1997; Kuchinsky et al., 2013; Ohlenforst et al.,
2017; Wang, Naylor, et al., 2018; Wendt et al., 2018;
Winn et al., 2015; Zekveld et al., 2010). The transient
increase in pupil diameter in response to the stimulus
(target speech) can reflect increasing listening effort
until listening becomes too difficult. With further
increasing difficulty levels, the TEPR decreases which
has been interpreted as signs of disengagement
(Ohlenforst et al., 2017, 2018; Wendt et al., 2018;
Zekveld & Kramer, 2014).

Pupillometry is a noninvasive physiological measure
of involuntary activity of the autonomous nervous
system (ANS; Liu et al., 2017; Loewenfeld, 1999;
Steinhauer & Hakerem, 1992; Steinhauer et al., 2004).
However, as TEPRs seem to reflect multiple cognitive
resources, arousal level, and emotional state, the inter-
pretation of pupillometry results may be difficult
(Francis & Oliver, 2018; Pichora-Fuller et al., 2016;
review Zekveld et al., 2018). Furthermore, TEPRs are
susceptible to external confounders such as luminance
(Peysakhovich et al., 2017; Wang, Kramer, et al., 2018)
or eye conditions such as anisocoria (Loewenfeld, 1999).
In the current study, the effect of luminance on the eye
was of special interest as this effect currently makes
pupillometry applicable to lab settings only. First,
because luminance effect may overshadow the effect of
task demand on the TEPRs, as one of the main pupil
functions is to regulate the amount of light entering the

eye (Davson, 1990, p. 754). Second, because differences
in the stimuli luminance level may influence the inner
workings of the ANS, which does not always refer to
the task demands (Wang et al., 2016, 2018). In addition,
pupillometry results can be influenced by the steps taken
to remove acquisition errors, cleaning and preprocessing
data. Finally, the results depend on the specific measures
that are extracted from the signal (Reilly et al., 2018;
Winn et al., 2018). The latter factor was of interest in
the current study.

In the current study, we were particularly interested in
pupil measures that have been applied in several newer
studies that aimed to test cognitive effort, preferably
using acoustic stimuli presentation, and could be
adopted in the audiological setting. These measures
were either a single-value measure extracted to summa-
rize the TEPR in the time or frequency domain, or
multiple measures extracted from the time course of
the TEPR (Kahneman & Beatty, 1966; Koelewijn,
Zekveld, Festen, R€onnberg, et al., 2012; Wendt et al.,
2018; Zekveld et al., 2010).

First, widely used single-value measures in the time
domain include the pupil peak dilation (PPD) and mean
pupil dilation (MPD) that aim to quantify the stimulus-
or task-evoked dilation (Zekveld et al., 2018). The mag-
nitude of dilation is calculated as a max or mean pupil
size relative to a baseline obtained prior to the task.
Second, single-value measures in the frequency domain
include low frequency/high frequency ratio (LF/HF),
index of cognitive activity (ICA), and index of pupillary
activity (IPA). These aim to measure moment-to-
moment pupil activity in response to cognitive effort
(Boehm-Davis & Marshall, 2003; Duchowski et al.,
2018; Peysakhovich et al., 2015). Besides, several ICA
studies (Boehm-Davis & Marshall, 2003; Marshall,
2002) indicated that it is possible to separate dilation
reflexes from light reflexes in the slightly preprocessed
pupil data. This reported effectiveness in testing cogni-
tive effort and filter out the effect of luminance at the
same time seemed to be promising for testing listening
effort in realistic scenarios. Third, the analysis of the
pupil time course in form of a statistical test such as
cluster-based permutation test or statistical model such
as growth curve analysis (GCA), generalized additive
mixed models (GAMMs), functional data analysis
(FDA), or principal component analysis (PCA). The
analyses aim to detect multiple time-dependent changes
in TEPRs (Jackson & Sirois, 2009; Johansson et al.,
2018; Mirman et al., 2008; van Rij et al., 2019). With
statistical models, it is possible to quantify the pupil
morphology (GCA, FDA, GAMM) or divide TEPRs
into time windows (PCA). In the current study, examples
of both single-value measures in time domain, frequency
domain, and time course analysis were considered to
provide a broad insight into pupil measures.
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Single-Value Measures in the Time Domain—PPD and MPD.

PPD and MPD are basic measures of TEPR and have

been investigated in multiple studies within and outside

of hearing research (Zekveld et al., 2018). Both PPD and

MPD were used in studies investigating listening effort

in a speech-in-noise or comprehension task (e.g., Ayasse
et al., 2017; Ohlenforst et al., 2017, 2018; Wendt et al.,

2018; Zekveld et al., 2010). An effect of signal-to-noise

ratio (SNR) and speech intelligibility has been shown on

the PPD measure (Ohlenforst et al., 2017; Zekveld et al.,

2010), whereas an effect of age has been shown on the

MPD measure (Ayasse et al., 2017). Greater PPD and
MPD was interpreted as greater effort (Kahneman &

Beatty, 1966; Zekveld et al., 2010). Audiological rele-

vance and application of findings in studies using both

PPD and MPD measures to investigate cognitive effort

due to acoustic stimulation is well documented (review

Zekveld et al., 2018). Thus, both measures were included

in the current study.

Single-Value Measure in the Frequency Domain—Index of

Cognitive/Pupillary Activity. ICA/IPA is a measure of

abrupt changes in the pupil dilation accumulated
within a time period, called dilation reflexes. Boehm-

Davis and Marshall (2003) reported a higher ICA

during difficult mental calculations compared with easy

ones. They also reported no effect of luminance on the

ICA measure. Demberg and Sayeed (2016) tested proc-

essing difficulty in a multitask paradigm that included

listening as a secondary task to a driving task. ICA was
significantly higher after a grammatical manipulation

occurred in the auditory signal. Recently, Duchowski

et al. (2018) partially replicated the findings of Boehm-

Davis and Marshall (2003) by showing the effect of

mathematical task difficulty on IPA in constant lumi-

nance. Each of the three studies described earlier

reported an effect of task difficulty on ICA/IPA
assumed to affect cognitive effort. They showed poten-

tial in quantifying cognitive effort not influenced by the

luminance and findings were reproduced. If ICA/IPA

reflect effort, we expected to find in this study the high-

est IPA/ICA values in TEPRs during speech-in-noise

test with SNR levels corresponding to 50% speech intel-
ligibility (Ohlenforst et al., 2017). On top of that, we

expected no effect of luminance on ICA/IPA, meaning

analyzing pupil responses in the frequency domain could

be advantageous compared with analysis in the time

domain where an effect of luminance was shown

(Wang, Kramer, et al., 2018). In the current study, we

included the IPA measure, which is inspired by ICA
measures, and used the implementation reported by

Duchowski et al.(2018). Unlike the original ICA imple-

mentation, IPA implementation has been made accessi-

ble to the researchers.

Analysis of the Pupil Time Course—Cluster-Based Permutation

Test, GCA, and Principal Component Analysis. Time course
analysis varies from less to more complex approaches.
In the current study, three approaches with different com-
plexity levels were compared: cluster-based permutation
test, GCA, and PCA. The cluster-based permutation test
aims to find clusters of samples significantly different
between the conditions, where permutation limits the
occurrences of false alarms (Johansson et al., 2018;
Maris & Oostenveld, 2007; Sassenhagen & Draschkow,
2019). GCA is based on a polynomial function mimicking
canonical TEPR (Kahneman & Beatty, 1966; Kuchinsky
et al., 2013; Wendt et al., 2018), while PCA aims to divide
the pupil response into time windows, without prior
assumptions of the canonical TEPR, based on similarities
between individual responses (Johansson et al., 2018;
Zellin et al., 2011). As time course analysis is getting
increasing attention in hearing research, both previously
investigated (GCA) and relatively new to the field (clus-
ter-based permutation test, PCA) approaches were
included in the current study.

The cluster-based permutation test has been used to
investigate listening effort in electroencephalography
studies; however, examples of its use in pupillometry
studies can be found as well (Dimitrijevic et al., 2019;
Johansson et al., 2018; Maris & Oostenveld, 2007;
Sassenhagen & Draschkow, 2019). Using the permuta-
tion test, Johansson et al. (2018) found that the effect of
semantic coherence manipulation was present in the
later stages of TEPR. Therefore, in the current study,
we expected the effect of SNR and luminance to be
reflected in a longer window of TEPRs, yet the length
of clusters would differ between data sets.

GCA has been successfully implemented in multiple
pupillometry studies (e.g., Kuchinsky et al., 2013;
Wagner et al., 2019; Wendt et al., 2018; Winn, 2016).
First, Kuchinsky et al. (2013) applied GCA to investi-
gate differences in TEPR morphology due to lexical
competition and background noise in a orthographic
visual world paradigm test. The most challenging condi-
tion evoked the highest average response (intercept
term), remained more elevated (linear term), more sus-
tained (quadratic term), and had more delayed peak
(cubic term) when compared with the less challenging
conditions. Second, Wendt et al. (2018) applied GCA
to investigate differences in morphology of the TEPRs
in a speech-in-noise test, where the overall dilation was
similar. They showed that TEPRs differed in height
(intercept term) and sustain (quadratic term) between
extreme SNR conditions, whereas the delay (cubic
term) differed due to SNR in high intelligibility levels.
On this basis, we expected in this study to see differences
in the effects of SNR and luminance on GCA measures.

Several pupillometry studies on auditory perception
have used PCA (Johansson et al., 2018; Zellin et al.,

Ksią _zek et al. 3



2011). Zellin et al. (2011) used PCA to evaluate the tem-
poral changes of prosody perception and judgment in a
set of short question-answer dialogs. They found three
distinguishable components, where one was sensitive to
the manipulation of the question’s prosody. Differences
in the scores of an active component seen 1–3 s after the
answer’s onset were associated with judgment of proso-
dy adequacy. Johansson et al. (2018) used PCA to inves-
tigate the temporal changes in a process of memory
retrieval manipulated by semantic coherence of the pre-
sented words to be remembered. The PCA identified
three components. Two of them were sensitive to the
coherence manipulation. Based on these previous stud-
ies, we expected that the TEPRs during speech-in-noise
test would contain multiple components as a single trial
usually is a few seconds long. Furthermore, we expected
that at least one of the components would be affected by
SNR and luminance similar to the other pupil measures.

Aims and Hypotheses

The current study aimed to answer threemain questions: 1)
Is there an effect of SNR on PPD, MPD, IPA, and meas-
ures obtained from GCA as well as from PCA? 2) What
complementary information (if any) in describing the
TEPR during speech-in-noise test do they provide? and 3)
Is there an effect of luminance on any of the selected pupil
measures?We compared a set of pupil measures potentially
related to listening effort (PPD, MPD, IPA, GCA, and
PCA) when applied to data acquired previously in a
speech-in-noise test in two pupillometry studies
(Ohlenforst et al., 2017; Wang, Naylor, et al., 2018).
Based on the literature described earlier, we hypothesized
that 1) allmeasures would show a significant effect of SNR,
used as task difficulty manipulation; 2) GCA and PCA
would provide multiple measures revealing the effect of
SNR and/or luminance; and 3) in a data set with constant
task demands (SNR) but varying luminance, no significant
effect of luminance would be found on the IPA measures.

Methods

General Methods

The TEPRs were recorded in two studies in which partic-
ipants had to listen to a target sentence and repeat it back.
Those target sentences (Versfeld et al., 2000) were masked
by a one-talker masker. Data Set A was collected by
Ohlenforst et al. (2017), and Data Set B was collected
by Wang et al. (2018). Ohlenforst et al. (2017) examined
changes in PPD across a broad range of fixed SNRs,
whereas Wang et al. (2018) assessed the effect of lumi-
nance on the PPD at 50% speech intelligibility. Both
studies showed a significant effect of SNR and luminance,
respectively, on the PPDmeasure. In both studies, TEPRs

were recorded with a remote eye tracking system (SMI

RED 500, SensoMotoric Instruments, Berlin, Germany)

with a 60Hz sampling rate.

Participants

Data Set A included pupil data from 33 normal-hearing

(NH) native Dutch speakers (mean age¼ 47years,

SD¼ 12.1, ranging from 19 to 62). Data Set B included

pupil data from 27 NH native Dutch speakers (mean

age¼ 46years, SD¼ 12.4, ranging from 21 to 58). The

pure-tone hearing threshold average was obtained to
check that the participants had NH. It was calculated

from hearing threshold levels measured at each octave-

band frequency between 500 and 4000Hz in Data Set A

and between 250 and 4000Hz in Data Set B. Participants

with a pure-tone hearing threshold average below 20dB

HL were included in the studies. Both studies were

approved by the Ethics Committee of the VU University

Medical Center in Amsterdam and performed at VU

University Medical Center in Amsterdam. All participants

provided written informed consent.

Task Characteristics

Data Set A was recorded during a speech-in-noise test

using 9 fixed SNRs from –25 dB to þ15 dB in 5-dB inter-

vals, including 10 trials per SNR condition. The luminance

level was adjusted individually so that the pupil size was

an average between maximum in darkness and minimum

in light (230 lux). Data Set B was recorded during a

speech-in-noise test using two luminance conditions—

darkness (0.1 cd/m2) and light (360 cd/m2). In both experi-

ments, target sentences were presented to the participants

binaurally via headphones (Sennheiser, HD 280). The

masker level was constant and set to 65dB sound pressure

level. In Data Set A, the target sentence presentation level

was fixed by design, and the order of SNR conditions

was randomized per participant. In Data Set B, target

presentation level varied in an adaptive procedure (one-

up-one-down) to estimate the individual speech reception

thresholds, that is, the 50% speech intelligibility. The first
sentence in the list was presented at –10 dB SNR. This

level was increased in 4dB steps until the first sentence was

repeated correctly. Further on, target sentence presenta-

tion level was increased or decreased in 2-dB steps,

depending on the performance in the preceding trial

(Wang, Naylor, et al., 2018). The speech reception thresh-

old was calculated as the average target sentence presen-

tation level in trials 5 to 25. Both data sets were recorded

in studies using a blocked design with counterbalanced

SNR and luminance conditions, respectively.
In the current study, three out of nine SNR condi-

tions from Data Set A were selected to represent three

distinguishable speech intelligibility (SI) levels, namely
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–20 dB, –10 dB, þ5 dB, corresponding to low (�5%) SI,

medium (�50%) SI, and high (�95%) SI level. This

reduced the number of pairwise comparisons without

reducing the range of SI levels. Trials 1–4 from both

luminance conditions in Data Set B were omitted as

these trials were used to start the adaptive procedure.

Figure 1 provides an overview of the timing of the

trials for both data sets.

Preprocessing of the Pupil Data and Analysis
Approaches

To fully use the selected analysis approaches, slightly dif-
ferent preprocessing stages were performed as shown in
Table 1. Preprocessing and analysis approaches were
applied using own preprocessing scripts in RStudio
(Rstudio Team, 2016).

Table 1. Preprocessing Steps Adjusted to the Used Analysis Approaches.

Analysis approach Preprocessing of the signal

PPD, MPD, cluster-based

permutation test,

GCA and PCA

1. De-blinking of the raw data (83ms before and 117ms after each blink; Siegle et al., 2008),

2. Linear interpolation of the blinks,

3. Smoothing with a 7-point moving average filter,

4. Baseline correction at the trial level (mean 1-s long baseline prior to target sentence onset was

subtracted from the TEPR),

5. Exclusion of the trials with >15% of missing data,

6. Exclusion of the data of the participants with >15% of excluded trials per condition. In Data Set A,

the data of n¼ 0 participants were excluded in each of the tested SNRs. In Data Set B, the data of

n¼ 2 participants were excluded in dark and light conditions, and

7. Averaging across the trials per participant and per condition.

IPA 1. De-blinking of the raw data as for PPD and PCA,

2. Linear interpolation of the blinks to increase continuity of the pupil response,

3. Exclusion of

a. List IPA (Figure 1): Conditions with >30% of missing data in Data Set A and> 30% of missing data in

Data Set B. In Data Set A, pupil data from n¼ 0 participants were excluded. In Data Set B, pupil data

from n¼ 3 participants in dark and n¼ 0 participants in light condition.

b. Trial IPA: The trials with >15% of missing data, and

c. Exclusion of the data from participants with >15% of excluded trials per condition. In Data Set A,

no participant was excluded in any of the conditions. In Data Set B, n¼ 2 participants were

excluded in the dark and light conditions.

Note. PPD¼ pupil peak dilation; MPD¼mean pupil dilation; GCA¼ growth curve analysis; PCA¼ principal component analysis; TEPR¼Task-Evoked Pupil

Response; SNR¼ signal-to-noise ratio; IPA¼ index of pupillary activity.

Figure 1. Schematic Trial Design During the Speech-in-Noise Test for Both Data Sets. Target sentence and masker were presented during
a fixed time interval. In the response interval, participants were prompted to repeat the sentence. The response time was uncontrolled.
The next trial was presented after scoring. Time was reset in the beginning of each trial. Artwork used in the scheme is licensed under CC
BY-SA.
PPD¼ pupil peak dilation; MPD¼mean pupil dilation; IPA¼ index of pupillary activity; GCA¼ growth curve analysis; PCA¼ principal
component analysis.

Ksią _zek et al. 5



Pupil Peak Dilation

The PPD is themaximumvalue of the TEPR relative to the

trial baseline (see Figures 1 and 2 for the baseline period)

and was calculated as in the original studies (Ohlenforst

et al., 2017; Wang, Naylor, et al., 2018). PPD values were

extracted from preprocessed data and averaged for each

condition and participant TEPRs (Table 1).

Mean Pupil Dilation

The MPD is the average TEPR relative to the trial base-

line. Similarly to the other approaches, MPD was calcu-

lated from the 5-s long time window (see Figures 1 and

2). MPD values were extracted from preprocessed data

and averaged for each condition and participant TEPR

data (Table 1).

Index of Pupillary Activity

The IPA calculation was adapted from Duchowski et al.

(2018) and performed in RStudio with a package wave-

lets (Aldrich, 2020; Percival & Walden, 2000). Wavelet

decomposition was performed at a second level of reso-

lution, which allowed to investigate the dilation reflexes

(wavelet coefficients) between 7.5 and 15 Hz. We used

wavelet function Daubechies-4, which allowed us to

target dilations at �7.8Hz (i.e., 8 effective coefficients

spanning a �128 ms window as recorded with 60Hz

sampling frequency). A hard threshold with universal

function K (Lambda) was applied to reduce the

number of nonrelevant reflexes.
In this study, the IPA was calculated in two different

ways. First, a list IPA was calculated for concatenated

TEPRs within each condition (10 trials per SNR condi-

tion for Data Set A and 25 trials per luminance condi-

tion for Data Set B). Note that the list duration differed

across participants due to variable response time, vari-

able scoring interval durations (see Figure 1), a varying

number of trials retained during data preprocessing

(Table 1), and across data sets due to differences in

masker noise duration. Second, a trial IPA was calculat-

ed within a fixed 5-s analysis window (see Figure 1),

which spanned only the target sentence and masker pre-

sentation, and trial IPAs were then averaged across trials

per condition and participant. Figure 3 illustrates an

example of detected trial and list IPA.

Cluster-Based Permutation Test

The cluster-based permutation test was performed on

preprocessed (see Table 1), averaged (per participant

and per condition), 5-s long TEPRs (see Figure 1) in

each data set separately. The test was implemented in

RStudio with a package permuco (Frossard & Renaud,

2019). The cluster-based permutation test was used to

test for the effects of SNR and luminance on TEPRs;

however, it did not provide pupil measures comparable

with the other approaches or across data sets

Figure 2. Schematic Overview of the Analysis Approaches. (a) Pupil peak dilation, (b) Mean pupil dilation, (c) Index of pupillary activity,
(d) Growth curve analysis, and (e) principal component analysis, applied to TEPR recorded during speech-in-noise perception testing.
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(Sassenhagen & Draschkow, 2019). Thus, this approach
was not included in Figure 2.

Growth Curve Analysis

GCA with a polynomial as a functional basis was fitted
to TEPRs for each data set separately. GCA model was
fitted to five seconds long TEPRs averaged across trials
per participant in each tested condition (see Figure 1).
Following previous studies (Ksią _zek, 2017; Wendt et al.,
2018), the GCA model was defined as an interaction
between the polynomial terms (intercept, linear, qua-
dratic, cubic) and SNR/luminance as a fixed factor.
Higher order polynomial terms (quartic, quantic) were
not included as we expected the main dilation 2–3 s after
sentence onset (Wendt et al., 2018; Winn et al., 2018),

were not interested in the secondary peak, and did not
want to risk curve overfitting. The number of the poly-
nomial terms related to the random factor was selected
based on the v2 statistics. The fitting and selection process
was done in RStudio with use of the lme4 package (Bates
et al., 2015). As an outcome of the fitting process, third-
order polynomial with four fixed and four random
terms—intercept, linear, quadratic, and cubic—was
selected in both data sets (see Figure 2 for graphical rep-
resentation of the GCA measures). Diagnostics for GCA
models are reported in Supplementary Material 1 (for
selecting number of random factors only). Model fit is
reported in Supplementary Material 2. The selected
model was identical to the one used inWendt et al. (2018).

Principal Component Analysis

A temporal PCA was performed on the averaged TEPRs
from each tested condition (average across trials,

separately for each per participant). For both data

sets, the same 5-s time window starting at target sentence

onset (Figure 1) was analyzed in three steps: (1a) identi-

fication of subgroups of pupil data points that were

highly correlated with each other, which constructed

the principal components (PCs) in an unrestricted PCA

(Bishop, 2006; Johansson et al., 2018; Kayser & Tenke,

2003; Zellin et al., 2011); (1b) retaining PCs until the sum

of explained variance in the data reached at least 80%

(Stevens, 1996) or until the next retained PC would not

add more to the amount of explained variance as indi-

cated by a scree plot (Costello & Osborne, 2005); (2)

transforming retained PCs in a rotated principal compo-

nents (RPCs) analysis through varimax rotation with

Kaiser normalization to increase their interpretability

(Johansson et al., 2018; Kayser & Tenke, 2003; Verney

et al., 2004; Wetzel et al., 2016); and (3) obtaining RPC

scores as a measure of individual contribution by multi-

plying RPC loadings by the input pupil responses to

enable comparisons between conditions. PCA was per-

formed in R with use of two functions: function princi-

pal from package psych (Revelle, 2016) and a built-in

function prcomp (and varimax for varimax rotation)

from package stats (R Core Team, 2020). Standardized

RPC loadings and approximate variance explained were

plotted and approximated with function principal; RPC

scores were obtained with function prcomp (þ varimax).

Evaluation of the Pupil Measures

Linear Mixed-Effects Models (LMMs) were selected to

test and compare the effects of SNR (–20, –10, and

þ5dB) and luminance (dark, light) on the pupil measures

(PPD, MPD, GCA, RPC scores, IPA) that were extracted

Figure 3. Example of dilation reflexes detected through wavelet decomposition. Detected dilation reflexes were used to calculate (a) list
IPA and (b) trial IPA.
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per participant and per SNR/luminance condition.
LMMs were applied to account for differences in variance
of pupil measures, unbalanced number of examples per
condition, individual differences, and/or to correct for the
autocorrelation. Several LMMs were fitted to each pupil
measure and each data set separately in RStudio with the
lme4, nlme, and stats packages (Bates et al., 2005;
Pinheiro et al., 2020). Four models were fitted to all
pupil measures (with exception of GCA) within a data
set. Model 1—LM with SNR/luminance as a fixed
factor and no random factors; Model 2—LMM with
SNR/luminance as a fixed factor and varying intercept
per participant as a random factor; Model 3—LMM
with SNR/luminance as a fixed factor, varying intercept
and slope per participant as random factors; Model 4—
LMM with SNR/luminance as a fixed factor, varying
intercept per participant as a random factor and autore-
gressive term affecting auto-correlated structure of time
series (van Rij et al., 2019). Best-fitting model was selected
based on four criteria: convergence, distribution of resid-
uals, Akaike information criterion (Wagenmakers &
Farrell, 2004), and estimation confidence intervals.
Model diagnostics and selection are described in detail
in Supplementary Material 1. An exception was GCA,
where the pupil measures constituted the fixed effects
that were estimated by a longitudinal LMM. Thus, in
this case, fixed and random effects of SNR and luminance
were estimated on the third polynomial as a functional
basis instead of the intercept (described in the Growth
Curve Analysis section).

To test for the main effect of SNR, an LMM analysis
of variance (ANOVA) was performed on the best-fitting
model per pupil measure and data set. Besides, to test for
the main effect of luminance and differences between SNR

conditions, Tukey’s all pairwise comparisons were per-
formed using the package multcomp (Hothorn et al.,
2008). Tukey’s all pairwise comparisons compensate for
differences in the estimation procedures between models
from the various packages that were applied. In case
Model 1 showed the best fit, a t test was performed in
the pairwise comparisons. For Models 2, 3, and 4 that
included random factors, a z test was performed.
The additive estimated effects of SNR and luminance on
the GCA measures were evaluated through a t test with
use of the lmerTest package (Kuznetsova et al., 2017).
Multiple t tests were corrected for Type III error by
Satterwaite’s approximation degrees of freedom.

Results

First, pupil data were preprocessed and the TEPRs plot-
ted to reproduce the previous results (Ohlenforst et al.,
2017; Wang, Kramer, et al., 2018). The average
responses are shown in Figure 4. For both Data Sets
A and B, the TEPRs were comparable to the ones
reported previously. All TEPRs were aligned with the
masker onset (indicating beginning of the trial).

Cluster-Based Permutation Test

In Figure 4, we present the results of the cluster-based
permutation test. These refer directly to clusters signifi-
cantly different due to SNR and luminance. Note that the
cluster-based permutation test did not provide specific
pupil measures but indicated which clusters significantly
differed between task conditions. The TEPR differed sig-
nificantly between SNR conditions in the cluster between
0.32 and 5 s—F(2, 64)¼ 3.14, nr. Perm¼ 5000, cl.
Mass¼ 3578.01, P(>mass)¼ .0002—in Data Set A.

Figure 4. The grand averaged Task-Evoked Pupil Responses (TEPRs) recorded in the data sets. The averaged pupillary responses, that is
Task-Evoked Pupil Responses (TEPRs), recorded in the two data sets. Averaged TEPRs for the (a) SNR and (b) luminance conditions.
Shadowed region represents the analysis time window. This included masked target sentence presentation and following masker alone
presentation. TEPRs were aligned with the masker onset. The data during the presentation of the masker in the 1-second interval before
sentence onset were used for the baseline correction (2s-3s in (a), 1s-2s in (b)). Time-coded horizontal lines show the clusters in which
the cluster-based permutation test revealed the effect of (a) SNR and (b) luminance.
SNR¼ signal-to-noise ratio.
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Significant differences between luminance conditions

were observed between 1.27 s and 4.43 s—F(1,30)¼ 4.17,

nr. Perm¼ 5000, cl. Mass¼ 2085.29, P(>mass)¼ .0012—

in Data Set B. Furthermore, pairwise comparisons indi-

cated that the TEPR differed between the SNR condi-

tions –20 dB and þ5 dB SNR between 0.2 s and 4.7 s—

F(1,32)¼ 4.15, nr. Perm¼ 5000, cl. Mass¼ 3783.19, P

(>mass)¼ .0004. Also, the TEPR differed between the

–10 dB and þ5 dB SNR conditions between 0.42 s and

5 s—F(1,32)¼ 4.15, nr. Perm¼ 5000, cl. Mass¼ 5962.14,

P(>mass)¼ .0002. The test revealed no significant differ-

ences between the –20 dB and –10 dB SNR conditions.

Pupil Peak Dilation

Figure 5 presents the PPD across conditions for Data

Sets A and B. The highest PPD was found in –10 dB

SNR and lowest in þ5 dB SNR. LMM ANOVA

revealed a significant main effect of SNR, F(2, 165)¼

17.064, p< .001, and luminance, F(1, 87)¼ 35.229,

p< .001, on PPD. The result of the pairwise comparisons

as well as the model fits and b estimates are reported in

Supplementary Material 2.

Mean Pupil Dilation

Figure 6 presents the MPD across conditions for Data

Sets A and B. The median MPD was highest in the

–10 dB SNR condition. LMM ANOVA revealed a sig-

nificant main effect of SNR, F(2, 165)¼ 30.75, p< .001,

and luminance, F(1, 87)¼ 19.947, p< .001, on MPD.

Model fits, b estimates and pairwise comparisons are

reported in Supplementary Material 2.

Index of Pupillary Activity

Figure 7 presents list and trial IPA extracted from Data

Sets A and B. The overall IPA calculated per trial was

Figure 5. Visual representation of PPD statistics (boxplot) overlaid with the distribution of individual PPDs (jittered dots). PPDs are
presented as a function of (a) SNR condition, Data Set A and (b) luminance condition, Data Set B. Statistical results of Tukey’s all pairwise
comparisons: *p<.05, ***p<.001.
SNR¼ signal-to-noise ratio; PPD¼ pupil peak dilation.

Figure 6. Visual representation of MPD statistics (boxplot) overlaid with the distribution of individual MPDs (jittered dots). MPDs are
presented as a function of (a) SNR condition, Data Set A and (b) luminance condition, Data Set B. Statistical results of Tukey’s all pairwise
comparisons: ***p<.001.
SNR¼ signal-to-noise ratio; MPD¼mean pupil dilation.
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higher than the one calculated per list, which was likely

affected by the length of the input signal to the wavelet

decomposition—denominator in the IPA formula.
LMM ANOVA revealed no effect of SNR on any

of the IPA measures in Data Set A. However, the

effect of luminance was found on both trial IPA, F(1,

92.5)¼ 36.024, p< .001, and on the list IPA, F(1, 90.6)¼
11.363, p¼ .0011, Model fits, b estimates and pairwise

comparisons are reported in the Supplementary

Material 2.

Growth Curve Analysis

Figure 8 presents the estimated effect of SNR and lumi-

nance on GCA measures in Data Sets A and B, respec-

tively. In Data Set A, the intercept (mean), quadratic

term (elevation) as well as the cubic term (delay) were

strongest for the –10 dB SNR condition as indicated by

the estimated GCA measures. Note that the relatively
large quadratic term in the –10 and –20 dB SNR con-
ditions indicate a less sustained TEPR. The positive
value of the quadratic term in the þ5 dB SNR condition
indicates that this term reflects the reduction in pupil size
following the peak of the TEPR. Each of the GCA terms
was stronger for the light when compared with the dark
condition in Data Set B.

LMM ANOVA revealed a main effect of SNR on the
intercept, F(2, 59268)¼ 8427.028, p< .001; linear, F(2,
59268)¼ 176.759, p< .001; quadratic, F(2, 59268)¼
901.286, p< .001; and cubic, F(2, 59268)¼ 31.19,
p< .001 term. The effect of luminance was revealed on
the intercept, F(1, 37076)¼ 4781.28, p< .001; linear, F(1,
37076)¼ 496.28, p< .001; quadratic, F(1, 37076)¼
1746.06, p< .001; and cubic, F(1, 37076)¼ 17.42,
p< .001, term. Model fits and additive effects on the
GCAmeasures are reported in Supplementary Material 2.

Figure 7. Visual representation of IPA statistics (boxplot) overlaid with the distribution of individual IPAs (jittered dots). IPA are
presented as a function of (a) SNR condition, Data Set A and (b) luminance condition, Data Set B. Statistical results of Tukey’s all pairwise
comparisons: **p<.01, ***p<.001.
SNR¼ signal-to-noise ratio; IPA¼ index of pupillary activity.

Figure 8. Visual representation of the GCA results (estimated polynomial terms) together with the standard errors (barplot). Data are
presented for the (a) SNR condition, Data Set A and (b) luminance condition, Data Set B. Statistical results of Tukey’s all pairwise
comparisons: *p<.05, ***p<.001.
SNR¼ signal-to-noise ratio.
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Principal Component Analysis

In both data sets, three RPCs were obtained. In Data Set
A, the three RPCs explained 92.7% of variance, whereas
in Data Set B, they explained 90.5% of variance.
Variance explained by each of the RPCs is presented

in Table 2. Figure 9 shows the RPCs’ main activity
time (i.e., RPC loadings> .50) and their loadings as
function of time. Each of the three RPCs spanned
approximately the same time window in both data sets.
In both data sets, the activity time overlapped across
RPCs. Note that RPC1 was mostly active in the interval

Table 2. Activity Time and Approximate Variance Explained Per RPC (Values Obtained With Function Principal).

Rotated principal components

Data Set A Data Set B

RPC1 RPC2 RPC3 RPC1 RPC2 RPC3

Variance explained (%) 36.2 27.3 29.2 33.8 24.5 32.2

Activity time relative to sentence onset (ms) 3000–4850 3983–6683 5467–8017 2000–3750 3133–5667 4850–7017

Note. RPC¼ rotated principal component.

Figure 9. Activity time of the identified and retained by PCA Rotated Principal Components (loadings). Presented RPC loadings in (a)
Data Set A and (b) Data Set B were standardized for easier comparison between the data sets. A 5-s long analysis window starting at target
sentence onset was used for PCA. Lines at the bottom indicate activity time for each RPC.
RPC¼ rotated principal component; PCA¼ principal component analysis.

Figure 10. Visual representation of the RPC scores’ statistics (boxplot) overlaid with the distribution of individual RPC scores (jittered
dots). RPC scores are presented for (a) SNR condition, Data Set A and (b) luminance condition, Data Set B. Statistical results of Tukey’s all
pairwise comparisons: *p<.05, ***p<.001.
RPC¼ rotated principal component; SNR¼ signal-to-noise ratio
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in which the masked target sentence was presented, and

RPC3 was mostly active during the presentation of the

masker after target sentence offset. RPC2 was mostly

active in between RPC1 and RPC3, at the end of the

target sentence and during the following masker

presentation.
Figure 10 presents the RPC scores for Data Sets A

and B. LMM ANOVA performed on b estimates

revealed a main effect of SNR on the RPC1 scores, F

(2, 165)¼ 18.82, p< .001; the RPC2 scores, F(2, 163)¼
39.85, p< .001; and the RPC3 scores, F(2, 165)¼ 18.71,

p< .001, and a main effect of luminance on the RPC2

scores, F(1, 122)¼ 20.04, p< .001, and the RPC3 scores,

F(1, 122)¼ 4.95, p¼ .03. All pairwise comparisons on

the RPC scores as well as the information about the

model fits and b estimates are gathered in

Supplementary Material 2. Taken together, the RPC

loadings show that the listening task in the speech-in-

noise test can be divided into three different stages

independently of the tested condition. SNR affected

the scores of each RPC, while the effect of luminance

was found on RPC2 and RPC3 scores.

Summary of the Results

The implementation complexity differed between the

approaches used to acquire the pupil measures assessed

in this study. Furthermore, the measures differed in the

nature and detail of the information provided about the

effect of the conditions on the TEPRs. Besides, the

LMM model that provided the best fit differed between

several pupil measures. A summary of the best-fitting

models is provided in Table 3. As shown, many of the

single-value pupil measures (MPD, List IPA) could be

explained with models including only the fixed factors

SNR and luminance. In contrast, the best-fitting models

of the time course analysis (GCA, PCA) measures also

Table 3. Selected Best-Fitting Model for Each Pupil Measure.

RPC1 RPC2 RPC3 PPD MPD IPA trial IPA list GCA

Data Set A Model 2 Model 4 Model 2 Model 3 Model 1 Model 2 Model 1 Model 5

Data Set B Model 3 Model 1 Model 1 Model 2 Model 1 Model 2 Model 1 Model 5

Note. Model 1—LM: Pupil measure� SNR/luminance; Model 2—LMM Pupil measure� SNR/luminanceþ (1|Subject); Model 3—LMM Pupil measure� SNR/

luminanceþ (1þSNR/luminance|Subject); Model 4—LMM with SNR/luminanceþ (1|Subject)þ corCAR; Model 5—LMM Pupil response�
(1þ LinearþQuadraticþCubic)� SNR/luminanceþ (1þ LinearþQuadraticþCubic |Subject). RPC¼ rotated principal component; PPD¼ pupil peak

dilation; MPD¼mean pupil dilation; IPA¼ index of pupillary activity; GCA¼ growth curve analysis.

Table 4. Comparison of Effects of SNR and Luminance Detected With the Investigated Pupil Measures.

Data Set A Data Set B

–20 dB and –10 dB

(<5% and 50% perform.

Low-Middle)

–20 dB and þ5 dB

(<5% and >95% perform.

Low-High)

–10 dB and þ5 dB

(50% and >95%

perform. Middle-High) Effect of luminance

Cluster-based permutation test Cluster 3.2–7.7 s,

P(>mass)< .001***

Cluster 3.42–8 s,

P(>mass)< .001***

Cluster 3.27–6.43 s,

P(>mass)¼ .0012**

PPD Db¼ –0.048, p¼ .04* Db¼ –0.09, p< .001*** Db¼ 0.069, p< .001***

MPD Db¼ –0.081, p <.001*** Db¼ –0.09, p <.001*** Db¼ 0.053, p <.001***

Trial IPA Db¼ –0.041, p¼<.001***

List IPA Db¼ –0.019, p¼ .007**

GCA Int Db¼ 0.012, p <.001*** Db¼ –0.097, p <.001*** Db¼ –0.109, p <.001*** Db¼ 0.041, p <.001***

GCA Lin Db¼ 0.103, p< .001*** Db¼ –0.195, p <.001*** Db¼ –0.283, p <.001*** Db¼ 0.231, p <.001***

GCA Quad Db¼ –0.095, p <.001*** Db¼ 0.538, p <.001*** Db¼ 0.634, p <.001*** Db¼ –0.433, p <.001***

GCA Cub Db¼ 0.106, p <.001*** Db¼ –0.092, p¼ .02* Db¼ 0.043, p <.001***

RPC1

(A: 3–4.85 s, B: 2–3.75 s)

Db¼ –0.719, p¼<.001*** Db¼ –0.767, p¼<.001***

RPC2

(A: 3.98–6.68 s, B: 3.13–5.67 s)

Db¼ 1.534, p <.001*** Db¼ 1.642, p¼<.001*** Db¼ –0.803, p <.001***

RPC3

(A: 5.47–8 s, B: 4.85–7 s)

Db¼ –0.802, p <.001*** Db¼ –0.934, p< .001*** Db¼ –0.331, p¼ .03*

Note. Statistical tests performed as followed: (a) Fisher t test with 5,000 permutations (cluster-based permutation test); (b) Tukey’s all pairwise t test or z test

(PPD, MPD, IPA, RPC scores); (c) Estimated b-coefficients for additive effects with multiple t test (GCA measures). Significant results are marked as follows:

*p< .05. **p< .01. ***p< .001. PPD¼ pupil peak dilation; MPD¼mean pupil dilation; IPA¼ index of pupillary activity; GCA¼ growth curve analysis;

RPC¼ rotated principal component.
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included a random intercept (PCA) and higher order

polynomial terms (GCA, PCA).
As seen in Table 4, the significant effect of luminance

was observed in all investigated pupil measures in Data

Set B, which disagrees with Hypothesis 3, stating that

IPA measures would not reveal this effect. The effect of

SNR was observed on all pupil measures derived from

the time domain (PPD, MPD, GCA, PCA); however, the

additive effects of SNR varied across the pupil measures

in Data Set A.

Discussion

The Effect of SNR and Luminance on the Pupil

Measures

In the current study, a set of pupil measures (PPD,

MPD, IPA, GCA, and PCA) potentially related to lis-

tening effort was evaluated in terms of their sensitivity to

changes in SNR and luminance. The selected measures

were derived from both the time and frequency domain

of the TEPR. Moreover, the measures included single-

value measures as well as measures that were estimated

through a time course analysis. The TEPRs were

acquired during a speech-in-noise test in two different

pupillometry studies (Ohlenforst et al., 2017; Wang,

Naylor, et al., 2018). More specifically, this study inves-

tigated the hypotheses that SNR as a manipulation of

task demand would significantly affect all measures

(Hypothesis 1) and that luminance would significantly

affect all pupil measures except IPA (Hypothesis 3). In

addition, it was hypothesized that multiple measures

derived from the GCA and PCA analyses would be sen-

sitive to the task manipulations (Hypothesis 2). Testing

these hypotheses using several pupil measures not only

enabled a thorough test of the effects of SNR and lumi-

nance but also highlighted the more specific benefits and

drawbacks of the measures.
With respect to Hypothesis 1, the study revealed a

significant effect of SNR, corresponding to 0%, 50%,

and 95% speech intelligibility, on all pupil measures

derived in the time domain (PPD, MPD, GCA, and

PCA), but not on the measure derived in the frequency

domain (IPA). This suggests that these measures may all

tap into the effects of auditory task demand (listening

effort). Only GCA revealed a significant effect of SNR

at low intelligibility levels, that is, 0% versus 50% intel-

ligibility and thereby provided more information about

the effect of SNR on the TEPR than the single-value

measures, which was in agreement with Hypothesis 2.

In disagreement with Hypothesis 3, a significant effect

of luminance was found for the pupil measures extracted

in the frequency domain (IPA).

Descriptive Comparison of the Analysis Approaches

Single-Value Measures in the Time Domain. The effect of
SNR and luminance was revealed on both PPD and
MPD. This replicates findings from previous studies on
the investigated data sets (Ohlenforst et al., 2017; Wang,
Kramer, et al., 2018). In agreement with other studies
investigating pupil dilation in a wide range of SNRs
(Ohlenforst et al., 2017; Wendt et al., 2018; Zekveld &
Kramer, 2014), in the current study, PPD was highest at
–10 dB SNR corresponding to �50% speech intelligibil-
ity, while both PPD and MPD were lowest in the þ5 dB
SNR condition corresponding to �95% speech intelligi-
bility. PPD and MPD are measures that are straightfor-
ward and easy to derive and have been used in many
previous studies. However, a disadvantage of the sim-
plicity of these measures may be that they provide less
insight into the underlying processes of the pupil
response (e.g., as a function of time) or are less sensitive
to small differences in auditory task demand (as
described earlier).

Single-Value Measures in the Frequency Domain.

Unexpectedly, no significant effect of SNR, but a signif-
icant effect of luminance, was revealed on IPA, the
single-value measure in the frequency domain. In con-
trast to the current effect of luminance, the wavelet pro-
cedure was previously promoted as a way to separate
and disentangle the effect of the pupil light reflex and
the task-based dilation response (Boehm-Davis &
Marshall, 2003). The following factors may have con-
tributed to the current findings. First, the effect of task
difficulty on IPA was previously examined using arith-
metic and sustained tasks (Boehm-Davis & Marshall,
2003; Duchowski et al., 2018). In the current study, the
task was shorter and required participants to listen to
sentences in noise, which might have been less cognitive-
ly challenging than performing an arithmetic task. That
is, results could be influenced by both the length of the
trial and the cognitive task demand. Second, Duchowski
et al. (2018) reported that the resolution levels in the
wavelet decomposition needs to be further validated by
investigating the resolution of the wavelet decomposi-
tion required for detecting dilation reflexes in a broader
range of experiments. Peysakhovich et al. (2015)
reported an effect of task difficulty and no effect of lumi-
nance on the ratio of high (1.4–4 Hz) and low (0–1.4Hz)
frequency content as measured in the TEPR. The work
on developing IPA is ongoing, and the technique may be
optimized in future studies (Duchowski et al., 2020;
Krejtz et al., 2020).

Analysis of the Pupil Time Course. The cluster-based permu-
tation test revealed an effect of both SNR and luminance
on the pupil time course. As illustrated in Figure 4, this
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statistical test indicated effect of SNR and luminance in
relatively long clusters. Significant effects were found in
the time intervals between 3.2 s and 7.7 s (–20 dB vs. þ5
dB SNR, Data Set A), between 3.42 s and 8 s (–10 dB vs.
þ5 dB SNR, Data Set A), and between 3.27 s and 6.43 s
(dark vs. light, Data Set B). These intervals include both
sentence and masker presentation in Data Set A and
mostly masker presentation in Data Set B.
Interestingly, the cluster revealed in Data Set B was
slightly delayed in comparison to Data Set A, which
was likely caused by the unexpected quick dilation in
Data Set A (condition þ5 dB; see Figure 4). In addition
to the single-value measures, applying the permutation
test provided more detailed information about the
effects of SNR and luminance on the temporal profiles
of the TEPR. In the current study, we did not specifi-
cally test whether differences occurred during the listen-
ing, rehearsal, or respond intervals. However, this type
of time-related hypotheses can be tested with the permu-
tation test (Johansson et al., 2018).

An effect of SNR and luminance was found on mul-
tiple pupil measures obtained from both time course
analysis approaches (GCA polynomial terms and RPC
scores). Differences in the effect of SNR on the investi-
gated measures (see Table 4) may suggest that those
pupil measures tap into slightly different aspects of the
pupil dilation response. GCA polynomial terms
highlighted changes in the pupil morphology on the
group level, whereas RPC scores indicated individual
contributions to the three components identified in the
TEPR. In alignment with Kuchinsky et al. (2013), our
results on GCA show that the pupil response in acous-
tically challenging, but not impossible, conditions
(�50% speech intelligibility) were significantly highest
(intercept term), most elevated (linear term), and most
delayed (cubic term). Similar to Wendt et al. (2018), we
observed an effect of SNR on multiple GCA polynomial
terms, which makes GCA a promising measure for
studying pupil morphology. Unexpectedly, the quadratic
term in the þ5 dB SNR condition in Data Set A was
positive (see Figure 8). It was likely caused by the quick
dilation seen in Figure 4, meaning that the quadratic
term was mainly based on the decreasing pupil size fol-
lowing the peak dilation. This example illustrates a lim-
itation of GCA—the model is driven by assumptions,
and it will likely not bring meaningful estimations for
noncanonical TEPRs. This aspect of GCA may be a
limiting factor in analyzing individual TEPRs or
longer analysis windows, where the TEPR does not
have a canonical form (van Rij et al., 2019; Winn, 2016).

Unlike other time course analysis approaches, PCA
divided TEPRs into three different time windows (RPC
loadings) and provided a measure of the similarity
between individual and averaged pupil responses
within indicated time windows (RPC scores). By

comparing Figures 4 and 9, one can see an overlap

between the RPC loadings and morphology of the

pupil response. The RPC1 loading spanned the sentence

presentation interval in which the pupil dilated; the

RPC2 loading included the maximum dilation of the

pupil size; and the RPC3 loading included the end of

the masker presentation where the pupil size became

smaller and stabilized. This pattern of loadings as well

as the number of retained RPCs is in agreement with

previous studies (Johansson et al., 2018; Verney et al.,

2004). Thereby, PCA seems to provide an advantage

over the cluster-based permutation test. While both

analysis approaches indicated differences in the time

course due to SNR and luminance, PCA provides

more information (i.e., distinct components associated

with specific time intervals) that might refer to different

processes involved in performing the task at hand. Note

that negative RPC scores (like in Data Set B) do not

directly relate to pupil behavior, rather are a result of

unrestricted PCA. Previous studies indicated that the

RPC scores may provide a direct link to the response

of the ANS (Wetzel et al., 2016; Widmann et al., 2018),

or cognitive resources spent on stimuli processing and

successfully performing the task (Johansson et al., 2018;

Verney et al., 2004; Zellin et al., 2011). Based on the

timing of RPC loadings with respect to the speech-in-

noise test, we hypothesize that the PCA could reflect the

listening (RPC1), processing the sentence (RPC2), and

preparing for the response (RPC3) phases of performing

a speech-in-noise test. However, further research would

be required to test this hypothesis and to understand the

role and meaning of the three RPCs in context of listen-

ing and speech perception. For example, one could per-

form a study including task manipulations such as SNR

and a memory load manipulation to verify that RPC2

and RPC3 relate to different cognitive processes; alter-

natively, one could include both manipulation of SNR

and luminance to investigate whether RPC1 relates to

the activity of the nervous system or listening to the

sentence.

General Discussion

An effect of SNR was found on most pupil measures,

supporting pupillometry as a sensitive measure of listen-

ing effort during speech-in-noise testing. Our findings

indicate that both overall changes in pupil size (PPD,

MPD) and in pupil morphology (permutation test,

GCA, PCA) may be important to consider in studying

listening effort. The choice of specific pupil measure

should be driven by the research question and its com-

plexity. The inclusion of measures of pupil morphology

is in line with a growing body of research looking into

time course analysis approaches for pupillometry
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(Kuchinsky et al., 2013; van Rij et al., 2019; Wagner
et al., 2019; Wendt et al., 2018; Winn et al., 2015).

In the current study, we aimed to evaluate a broad
range of pupil measures. Some were extracted directly
from the pupil responses (PPD, MPD, and IPA), and
others estimated through statistical modeling of the
time course (GCA, PCA). To make a fair evaluation,
we decided to compare the effects of SNR and lumi-
nance using LMM analyses. However, differences in
the best-fitting models between measures limited the
insights into the random effects of individuals as a sub-
ject factor was not included in all models. Furthermore,
a comparison of the effects of SNR and luminance on
the pupil measures as estimated by a best-fitting model
required multiple statistical tests. Our findings indicated
that an adequate interpretation of pupillometry
data may depend on selecting the pupil measures and
statistical tests most suitable to answer the specific
research questions.

There were several general limitations in the current
study, which could be addressed in future research. First,
the data sets differed in their quality as well as in the
number of responses acquired per condition. Second, the
investigated pupil data were recorded with a relatively
low sampling frequency and using relatively short
recordings and an uncontrolled response time. Those
recordings were adequate for the evaluation of MPD
and PPD measures; however, their characteristics could
have had an impact on the frequency and time course
analyses. Third, the interaction between SNR and lumi-
nance was not systematically manipulated in the ana-
lyzed data sets, which made it difficult to compare the
effects of SNR and luminance in a direct way. Fourth,
the current study aimed for a fair evaluation of a range
of pupil measures and not on interpreting each pupil
measure separately. Thus, further research would be
needed to further understand value of the specific meas-
ures, for example, RPC loadings and scores, as well as
the relation between various pupil measures and the cog-
nitive processes they may reflect.

Conclusions

Using various analysis approaches, the current study
investigated the effect of SNR and luminance on several
pupil measures derived from TEPRs recorded during a
speech-in-noise test. The analysis approaches included
three single-value measures (PPD, MPD, and IPA) as
well as three time series measures (cluster-based permu-
tation test, GCA, PCA). Our results revealed an effect of
SNR on pupil measures derived from the time domain
(PPD, MPD, GCA, PCA), but not the frequency
domain (IPA). Findings from time course analysis
approaches (permutation test, GCA, PCA) indicated
that the effect of SNR and luminance can be seen in

multiple aspects of the TEPR morphology (GCA) and

longer time windows (permutation test, PCA). In dis-

agreement with previous studies, the current study was

not able to support claims suggesting that the IPA would

disentangle the effect of the pupil light reflex from the

task-evoked pupil dilation. The current findings encour-

age further exploration of analyses of the pupil time

course as they seem to reveal aspects of pupil responses

(timing or morphology) that may not be reflected in the

single-value measures.
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Patrycja Ksią _zek https://orcid.org/0000-0001-8931-453X
Lorenz Fiedler https://orcid.org/0000-0002-7892-6917

Supplemental material

Supplemental material for this article is available online.

References

Aldrich, E. (2020). wavelets: Functions for computing wavelet

filters, wavelet transforms and multiresolution analyses, R

package. https://cran.r-project.org/package=wavelets
Ayasse, N. D., Lash, A., &Wingfield, A. (2017). Effort not speed

characterizes comprehension of spoken sentences by older

adults with mild hearing impairment. Frontiers in Aging

Neuroscience, 8, 329. https://doi.org/10.3389/fnagi.2016.00329
Bates, D., M€achler, M., Bolker, B., & Walker, S. (2015).

Fitting linear mixed-effects models using lme4. Journal of

Statistical Software, 67(1), 1–48. http://dx.doi.org/10.18637/

jss.v067.i01.
Bishop, C. M. (2006). Continuous Latent Variables. In Pattern

recognition and machine learning (pp. 559–590). Springer.
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D. (2019). Individual variations in effort: Assessing
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